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Introduction

Pordamacrine A 1, Fig. 1) is a heavily oxygenated,
hexacyclic alkaloid isolated from the leaves daiphniphyllum

macropodum in 20097 The natural product belongs to a family

of over 200 alkaloids produced by tldephniphyllum genus’
These alkaloids appear to share the common biogerdestor
squalene, which is elaborated to the complex achite of these
molecules through a polycyclization cascade potdlaby

Heathcock and supported by a now classic synthesis of methyl

homosecodaphniphyllafe. Along with other syntheses by

Heathcock, members of this family have been the targets of

numerous total syntheses and synthetic stifdiasleast part of
the reason for this is that the complex structuoésthese
alkaloids can provide a rich ground for reactiorvedlepment,
owing to the likelihood of encountering difficultieduring the
course of studies toward a total synthesis.

CO,Me

H
Pordamacrine A (1) Methyl Daphniphylline (3)

Homosecodaphniphyllate (2)

Daphnicyclidl;n A®4)

Fig. 1. Representative daphniphylline alkaloids.

This opportunity is certainly true in the casela# yuzurimine
subfamily. Although a total synthesis of an alkdldn this
subfamily has yet to be completed, several groupseh

Yuzurimine (5) Yuzurimine C (6)

demonstrated interesting approaches (Fig. 2). Amtrese
efforts have been a pair of strategies by ColdHzaheémploy an
intramolecular nitrone dipolar cycloaddition as eykstep (eqs
1,2)% The group of Bélanger centered their strategyrioa
tandem intramolecular Vilsmeier-Haack/azomethine eylid
cycloaddition sequence (eq ¥)and more recently Hakayawa
and Kigoshi took advantage of an intramoleculartid/iteaction
to close the yuzurimine central seven-membered (éug 4)°"
Herein, we describe our own synthetic approach towhsd t
yuzurimine alkaloid pordamacrine A, wherein a relalyv
unexplored variant of the Ireland-Claisen rearramgiet enabled
us to establish a crucial congested stereodiad mwitthie
molecule. This effort is representative of thegotial utility of
the Ireland-Claisen rearrangment using boron-baseolates,
which both our groupand the Zemribo grodmhave exploited in
recent synthetic and methods studies.
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Fig. 2. Previous synthetic approaches to the yuzuriraikaloids.

Background. Sigmatropic rearrangements occupy a privileged
position in the toolbox of synthetic chemists. iFl@pact is due
in part to their ability to enable difficult bon@rmations with
predictable stereoselectivity by rendering thenraimlecular.
Among these transformations is the Ireland-Claisen
rearrangemerit’ This reaction facilitates what is formally an
ester enolate allylation through the prior formatiof an ester
linkage between the fragments that will ultimatelydomnected
by a C—C bond. The utility of this transformatisrbased on the
general reliability of methods for both forming thester
precursor and accomplishing the rearrangement.itdtd use in
numerous total syntheses, oftentimes as a key steferscores
the notion that the Ireland-Claisen rearrangemsnindeed a
transformation of fundamental importarice.

The classical conditions for effecting the reactiovolve first
forming a silyl ketene acetal by low temperaturedremolization
of an allylic ester by a strong base such as LDA] iansitu
trapping of the enolate with a silylating agent.eTasulting silyl
ketene acetal is then heated, either after prioifipation or in
the same pot to induce the rearrangement its@lis protocol is
by far the most commonly utilized method for exéuytthe
Ireland-Claisen rearrangement; however, other praesdexist.
A limited body of work emerged in the early 1990s
demonstrating the viability of phosphotuigy hard enolization)
and borof® and silicor* (by soft enolization) ketene acetals in
the Ireland-Claisen rearrangement. Importantlgséhmethods
had not been tested with complex, polyfunctionalssnaltes in
the context of total synthesis, until the recemgaht work of
Zemribo and coworkers on the successful approaaheard
pyrrolidine-based natural produéts.As described herein, the
boron-based strategy proved to be a successfunaliee to
silicon in the context of our approach toward porderime A.



Results and Discussion

Our retrosynthesis of pordamacrine A) (is outlined in
Scheme 1. We planned to delay most of the elabaraf the
western half of the molecule until the last stagethe synthesis
because we anticipated that the high level of oxgtien present
on the cyclohexene ring could cause difficulties hwithe
transformations required to assemble the molecwarbocyclic

3

functional group for oxidative addition in the posed
palladium cascade. This group was selected as wsi@med it
could readily arise from a carbonyl precursor. &ee we
anticipated the final steps to allylic esfer from t-butyl esterl?
would be fairly straightforward, our synthetic romes based
around one major consideration — how to prepareatkenyl
sulfonate moiety of acid6 as a single positional alkene isomer.
This requirement ruled out a scheme that involbedenolization

skeleton T — 1). This assembly would revolve around two main 5,4 trapping of a saturated ketone, because it wiiely that

steps. The first key step involved a proposed agalin-

catalyzed cascade cyclization to establish theotygtene and
cyclopentane rings of the natural product. Upondatie

addition of the alkenyl-X species, the closure oé ttentral

seven-membered ring would occur by an intramolectdr

catalyzed migratory insertion reaction, while theefmembered
ring formation would occur by the trapping of thesukant

captive neopentyl palladium speci&s by the pendant ester
enolate. This proposed process essentially repiese novel

enolate-coupling interception of the Heck reactiathpray.

CO,Me
CO:Me z Pd-catalyzed
tandem

cyclization

"Western half"
elaboration

Ireland-Claisen

amidation rearrangement

OR 0 CO,Me ester
e coupling X 12
é(:o p— oR

13

Scheme 1. Proposed retrosynthetic approach to pordamagrine

There is an extensive body of literature on the okéhe
intramolecular Heck reaction to form congested rig® our
knowledge, however, there has been no report oflkylaton of
enols/enolates by neopentyl Pd species such asniedéate8.
The alkylation of vinyl- and aryl-Pd species by ltes,
meanwhile, has been extensively explofeduggesting some
conceptual feasibility for this approach. The prsor to this
proposed cascade, amid would arise from acidl0. The
synthesis of this acid could be achieved via afama:-Claisen
rearrangement of allylic esterl. We believed this strategy
would be highly advantageous for the construction thé
congested, stereochemically compig-unsaturated acid motif.

kinetic bases would be able to discriminate betwden tivo
methine protons adjacent to this ketone. A redoctaf
cyclopentenonel7 with concomitant trapping of the enolate
appeared to be a viable alternative; similar examphdicated
promise for this approacfi. Cyclopentenonel7 would arise
from esterification. Finally, we anticipated tr@jclopentenone
18 would be expeditiously available via a catalytic,

multicomponent cyclocarbonylation reaction as descr by
~ 18

Moreto:
OR o CO,Me
"'"/ simplify
(o) ———
OR X
11
[o] CO,Me
. J\/\/Qw
ONf
Me
14
.
+
15
Me
14 =

ONf (o]
t—BuOJJ\/\/// "
Scheme 2. Model study of proposed cascade transformation -
to the cyclocarbonylation reactioh9) by a straightforward, two
synthesis gave acceptable yields of die&#eafter alkylation of
reactions assured that we could produce the negemsmunts of
sulfonation of the resultant enolate with NfF cleaphpvided
susceptibility to nucleophiles compared to theeldft Such a

o] CO,Me 0 CO,Me
16 17
[o]
o]
[o] OH
f— )J\/\/Q} p—
t-BuO Br
° A8+ co o+ HO
18 20

retrosynthetic analysis of substrate

In the forward sense, we prepared tHrityl ester precursor
step transesterification sequence from commercialrgilable
methyl hex-5-ynoate 2, Scheme 3). The cyclopentenone
the acid reaction product with Mel and,C8&s. Although the
yield was modest, the low step count and scalabditythe
our substrates for the key steps to conduct studreluction of
cyclopentenonel? with Li(s-Bu);BH followed by in situ
alkenyl nonaflate22. Here, we opted to use the nonaflate group
rather than the more traditional triflate due te frmer’s known
side reaction could complicate the Pd-catalyzedization step
in our planned synthesis. Finally, transesterifiza of t-butyl

Finally, allylic ester11 would be synthesized via standard ester22 to allylic esterl4 proceeded straightforwardly in near

esterification between acii® and alcoholl3.

We acknowledged the fact that our tandem Pd-catdlyze

double cyclization reaction was fairly speculatimed therefore
we employed a model system to begin our investigatiowe
simplified the approach by removing the additioagygenation
on the cyclohexenyl system, reducing our targeerefir the
Ireland-Claisen rearrangement to compodddScheme 2). In
this compound, we also chose to use an alkenyl satéoas the

quantitative yield in two steps by HCl-catalyzethutyl ester

cle?lvage followed by DCC couplifignith known allylic alcohol



(o} 1. NaOH, MeOH (o}
PP rrverwa i GO
MeO 2. TFAA, -BuOH +-BuO’
THF, -78 — 0 °C

21 90% yield 19
1. NiBr, (10 mol %)
Fe? (1 equiv)
allyl bromide (1.2 equiv)
CO (1 atm), H,0, i-Pr,NEt

M Li(s-Bu);BH
acetone, 23 °C /ﬁ\/\/@\/coz © ( 7)33 °C
2. Cs,C03, Mel +Buo then NIF, -50 °C
DMF, 23 °C o 83% yield

26% yield 17

(over two steps)
o CO,Me
HCI(g)
t-BuO

cuzm2 23°C

W -
99% yield
Scheme 3. Synthesis of diestd#.

Having thus secured a route to allylic estér we turned our
attention to the pivotal Ireland-Claisen step (Scbel). The C—
C bond that would be formed in this step is betwesn t
stereogenic centers, one tertiary and the othetequaxy. In
addition, allylic estefl4 contains a distal ester moiety, capable of
both competing enolization and other side reactioRartially
encouraging, this distal ester featured branchintbef3 position,
which should kinetically disfavor enolization to mall extent.
The widely demonstrated generality of this rearramget
bolstered our confidence that it would provide ushwitur
desired product, aci#3. To our chagrin, the standard conditions
for effecting the rearrangementa a Z-ketene acetal (LDA,
HMPA, TBSCI; -78 to 66 °CY led to a complex mixture that
contained only traces of the expected a&8).( Unfortunately,
the intractable mixture of products obtained wasuitable for
the progression of our synthetic studies. It waserdfore
incumbent upon us to find alternative conditions fihe
rearrangement step.

o COo,Me
O\/\ OJ\/\/Q/
Me

DCC DMAP

CHzclz 0—>23°C
98% vyield

LDA
TBSCI

ONf

\n

78—> 6°C

14

23 (traces)

Scheme 4. Attempted Ireland-Claisen rearrangement of dreist using
hard enolization technique.

It was difficult to determine the cause of this ddilreaction

based on the complex mixture of products that wbseved. It
seemed likely, however, that the strongly basic ¢ used to
create the silyl ketene acetal of allylic estémplayed a role. We
therefore turned our attention to conditions thatildcemploy a
milder base, i.e., soft enolization conditions. Amothe
aforementioned systems utilizing soft enolizatieohiniques>**
we were especially intrigued by boron.

Early work from Core{*®and OB indicated the feasibility of
using boron-based enolates in the Ireland-Claisarrangement
(Fig. 3). In 1991, Corey and Lee described an tosalective
process mediated by a bissulfonamidyl bromoboréig. 3a).
Here, the control of the enolate geometry can béeaet with
solvent and base selection, and that enolate geprtransfers
effectively to the diastereoselection in the reagement. The
reaction times, however, were protracted, requiririg 14 days
to reach completion. Oh and coworkers in 1992 detratesl a
related process using common dialkylboron triflgfeigure 3b).
Reaction times were considerably shorter (reportedd less
than 5 min at 25 °C), but yields and diastereosieides were
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low for compounds lackingi-alkoxy groups. Subsequent to
those reports, boron ketene acetals have been showre
generated at low temperatures using strong boratrefsiles of
the type BBl and RBOTTf in conjunction with a weak base, and
can be prepared as either isomer with high georaétpiarity >
The ability to achieve high geometrical purity ofé the
potential for high diastereoselectivity in this fp@rlar desired
transformation. Since the cases outlined in Figrexeded the
reports of efficient methods for the generatiorbofon enolates
from esters, we felt it was necessary to reexantiiseviariant of
the Ireland-Claisen rearrangement with those methodsnd.

(a) Corey - 1991

R*,BBr, i-Pr,NEt Me Me

[ CH,Cly, -78 °C, 24 h; H /\/L
NN +
N N Me " 0eC, 14 days z Y” coM z Y “coA
75% yield, 95% ee Ph Ph
24 25a 25b
91:9 ratio of diastereomers
(via (2)-boron ketene acetal)
R*,BBr, Et;N
toluene/hexane Me Me
0o -78°C, 24 h; H /\/'\
NN +
o N I me Hoctiame T 2 eom T A Ncon
88% yield, >97% ee Ph Ph
24 25a 25b
4:96 ratio of diastereomers
(via (E)-boron ketene acetal)
CF, FsC
Ph,  Ph
R*,BBr = FiC S,N{_,{Ls CF;
B
O, | 0,
Br
(b) Oh - 1992
(lPC)zBOTf /\(k /\/k
Me/\/\oJ\/OB" i-PraNE, CH,Cl, COH CoH
58% yield
26 27a 27b
91:9 ratio of diastereomers
(Ipc)zBOTf /\/L
,\,,e/\/\o)J\/""e i-Pr,NEY, CH,Cl, coH * COM
29% vyield
28 295 29b

47:53 ratio of diastereomers

Fig. 3. Early cases of boron-based enolate Ireland-€ais
rearrangements.

The diastereoselectivity of the Ireland-Claisenrnaagement
has been thoroughly investigated by Ireland and ckeve??
On the basis of these studies, we determined that28aivould
arise via a chairlike transition state fro#)-poron ketene acetal
30 (Scheme 5§! Fortunately, highly Z-selective generation of
boron ketene acetals pnfalkyl esters is possible usiegHx,BI in
conjunction with BN at -78 °C:* To our delight, these
conditions (using 2.2 equiv a-Hx,BIl to enolize both esters)
followed by warming to room temperature effected stmoo
rearrangement of allylic esté4 to acid23 as apparently a single
diastereomer about the formed bond. (The prodxistesl as a
mixture of diastereomers epimeric at the distal hyleacetate
moiety).



COMe ¢ Hx,BI (2.2 equiv)
: - ElgN (10 equiv)

cuza2 78 °C

(c-Hx),

0B(c-Hx), COMe| o 0B
23 °C ‘0
AN zv
ONf
Me
30

H only two signals in "H NMR,
H suggesting one diastereomer
about formed bond

ONf

66% yield
CO,Me

23

Scheme 5. Boron-mediated Ireland-Claisen rearrangemeniesterl4.

To further study this rearrangement as well as résiceits
diastereoselectivity, we turned our attention tgliallpropionate
31 (Scheme 6). On treatment of propionadteto the conditions
similar to our more complex substrate, except with dquivc-

Hx,BI/5 equiv EEN, we obtained very similar yields. The

comparable vyield suggests that the polyfunctionature of
diester 14 was well tolerated.
stereochemical assignment, we prepared the iodokaab acid
32. The proximity of the indicated functional groups

iodolactone 33 was determined by 2D NOE correlations,

supporting our stereochemical assignmerg3of

0
OJJ\/""e COH
CH,Cly, -78°C,1h e
Me

then 23°C, 20 h Me
31 68% yield, >50: 1 dr 32

c-Hx,BI (1.1 equiv)
Et,N (5 equiv)

NOE
0,
M:\M}

NOE

Kl, H,0,
ag. NaHCO,4

CH,Cl,, 23 °C
90% yield

Scheme 6. Analogous stereochemical analysis -
rearrangement/iodolactonization of es3gr

The acid moiety of rearrangement prod@8st would likely
render it less suitable as a substrate for ouretandyclization;
we anticipated the basic conditions would lead to oabty
deprotonated species that may lead to unnecessaplications
(e.g., solubility profile, etc.). We therefore egtto transform it
to an amide, much like what we envisioned would ke=lus our
planned synthesis (Scheme 7). Mild amidation diows failed
to give any detectable product, so we chose toateti@cid23 by
forming the acyl chloride3d), followed byin situ trapping with
Me,NH. The resulting amide existed as mixture of twodpicis

(35a and35b) that we suspected were epimeric at the cyclopentyl
stereocenteT. Under a variety of conditions expected to effect

both the migratory insertion and enolate alkylatisteps, we
obtained no evidence of seven-membered ring clpswith
isolable products always retaining tlego-methylene moiety.
We frequently observed palladium precipitation fribra reaction
mixture in these experiments. One can envisiont@atsbn
where the captive neopentylpalladium species regulfrom
migratory insertion does not undergo trapping by gendant
enol/enolate nucleophile.  This intermediate coudinply
undergo g-alkyl elimination process, reversing the ring cles
Without a readily available pathway to terminate tzalytic
cycle, the catalyst may simply precipitate from treaction
mixture.

To lend support to our

DMF (5 equiv)
(coch,
ONf (2.4 equiv)

CO,M
20€  CH,Cl,, -10°C

23

Me,NH-HCI (5 equiv)
i-Pr,NEt (6 equiv) 352 <32% yield
: A

solv, temp 35b: 44% yield

Pd catalyst
conditions

not observed

Scheme 7. Amidation and attempted proposed Pd-catalyzed
biscyclization.

We reasoned that a reliable method for terminatihi
catalytic cycle, indeed one that was precedenté¢ddrcontext of
ring formation via migratory insertion, could prdeiinsight into
this reaction. A reductive Heck cyclization appeatece an
attractive option. To our knowledge, the formatina seven-
membered ring terminated by alkylpalladium reductia this
reaction manifold is unknown, but analogous fiveyd asix-
membered ring formations from alkenyl halides héween
described® Under dilute conditions we treated amifh with
triethylammonium formate in the presence catalRi(PPh),
(Scheme 8). Instead of cyclization, this reactied only to
simple reduction of the alkenyl sulfonate moietyt appears,
therefore, that formation of this seven-memberedg riis
disfavored. Close examination of molecular modeiggests a
reason for this lack of reactivity. For the seveambered ring to
close, the alkenylpalladium species resulting froxidative
addition and thexo-methylene group need to come into close
proximity. This forces the molecule to adopt afoomation that
places the dimethylamide moiety directly undernethi@ six-
membered ring, thereby creating severe non-bonutedactions
that may disfavor this reactive conformation. Bhgn this
conformational analysis, it seemed a fundamenttufe of this
substrate created problems that even judiciouscehafi catalytic
conditions would be unlikely to sol7é.

Et;NH+HCO, (1.0 equiv)
ONf Pd(PPhj), (10 mol %)
-

CO,Me

toluene (0.01 M), 120 °C
15 min
45% yield

35b  «unknown
stereochemistry

not observed

Scheme 8. Pd-catalyzed reduction of nonafl&tb.

Conclusion

We have described herein our studies toward thel tota
synthesis of pordamacrine A, featuring a successfetution of
the boron-based Ireland-Claisen rearrangement icoraplex
system.  Although the proposed cascade -cyclizatiors wa
unsuccessful on the model system we investigategpritant
insights were obtained about the structural lindtagi of the
synthetic approach. Regardless, this approach nemated the
potential utility of the boron-based Ireland-Claise
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rearrangement, as we were able to successfully entpisy
method in this structurally complex setting.
diastereoselectivity of the specific transformatigas excellent,
predicated on the highly organized transition skatevhich this
process occurs. We believe that this exampletiitess the

capacity of this rearrangement to establish comple>?

stereochemical arrays, and we anticipate that théthod will
thus be of high use for the synthetic communityrtier efforts
in related synthetic areas are underway.

Experimental Section

and concentrated in vacuo to afford the carboxgticl, which

The was used directly without further purification.

To a solution of the carboxylic acid (assume 123afirin
THF (40 mL) at -78 °C was added TFAA (34.1 mL, 245 @fim
ver 2 min. The solution was then allowed to warnartbient
emperature. Once it had reached ambient temperatbe
solution was recooled to -78 °C, and a solutiot-BtiOH (18.2
g, 245 mmol) in THF (10 mL) was added. The reactiorture
was then sealed and stirred at 0 °C for 14 h. Tetion
mixture was then poured into a stirring solutionkgCO; (50.9
g, 368 mmol) in HO (200 mL) at a rate such that evolution of

Materials and Methods. Reactions were performed under an CO, was controlled. The resulting mixture was then astid

argon atmosphere unless otherwise noted. Dichlofanet

with pentane (3 x 50 mL), and the combined organitaets

tetrahydrofuran, N,N-dimethylformamide, and toluene were were washed with ¥0 (2 x 200 mL), then dried with MgS@nd

purified by passing through activated alumina calam
Triethylamine and diisopropylethylamine were distillunder Ar

applied directly to a SiOcolumn (3 x 15 cm), eluting with 9:1
pentane/BED. The combined product-containing fractions were

from CaH. Nonafluorobutanesulfonyl fluoride was purchasedconcentrated to give est&® (18.6 g, 90% vyield over 2 steps) as a

from Synquest Laboratories (Alachua,
according to Lyapkalo and coworkéPs All other reagents were
used as received unless otherwise noted. Commereiedilable

chemicals were purchased from Alfa Aesar (Ward Hill, MA)

Sigma-Aldrich (St. Louis, MO), or Strem Chemicals {ert,

MA). Visualization was accomplished with UV light an
exposure to KMn@Q solutions followed by heating.
chromatography was performed using Silicycle siligd (230-

400 mesh)."H NMR spectra were acquired on a Varian 400 MR

(at 400 MHz) and are reported in ppm relative to &ild 0.00).

C NMR spectra were acquired on a Varian 400 MR (at 101 cyclopentenone

MHz) and are reported in ppm relative to SiM@ 0.0). “F
NMR spectra were acquired on a Varian 400 MR (at 3HzM
and are reported in ppm relative to HFQ(0). Infrared spectra
were recorded as films on a Nicolet iS-50 FTIR. Higbolution
mass spectrometry data were acquired by the Colo&tdte
University Central Instrument Facility on an Agiles210 TOF
LC/MS; low resolution mass spectrometry data werei@ed on
an Agilent 6100 Single Quad LC/MS.

Notes on handling c-Hx,BI. Dicyclohexyliodoborane is a
very water and oxygen sensitive compound that musitl Emes
be handled and stored under an inert atmospheree plire
reagent is a clear, colorless liquid at room terapge. Material
kept in septum-capped bottles, either neat or ifutisn,
discolors on the order of days to weeks, and styooglored
reagent gives inferior results. After careful expentation, we
found the following protocol to be useful: after #ysis of the
reagent by the method of Browff, the crude material was
distilled into a Schlenk flask. On completion of tlistillation,
the product-containing flask was stoppered undeArmpurge
and immediately evacuated. The flask was taken amoN,
atmosphere glove-box, transferred to a brown glatdeb and
stored at room temperature. Material stored ia twy showed
no evidence of decomposition after several montts dlapsed.
The reagent was removed from the glove-box in anggrias
needed and added to a reaction mixture or diluted éxanes
to make a stock solution that was used immediately.

Ester 19 (tert-butyl hex-5-ynoate). To a solution of methyl

FL) and puiifie colorless liquid.

Data for esterl9. TLC: R = 0.36 (19:1 hexanes/EtOAc,
KMnO, stain solution)'H NMR (400 MHz, CDCJ): & = 2.33 (t,
J=7.4 Hz, 2H), 2.23 (td) = 6.9, 2.5 Hz, 2H), 1.94 (§ = 2.5

d Hz, 1H), 1.79 (app. quinted = 7.2 Hz, 2H), 1.43 (s, 9HJ’C
Flash NMR (101 MHz, CDC)): § = 172.4, 83.5, 80.3, 68.8, 34.2, 28.1,

23.8, 17.8. IR (film):v = 3296, 3005, 2975, 2935, 2119, 1723,
1367, 1144 cit. HRMS (DART): miz calc'd for (M + NHy)*
[C1H160, + NH,]": 186.1489, found 186.1493.

17  (tert-butyl  4-(4-(2-methoxy-2-
oxoethyl)-5-oxocyclopent-1-en-1-yl)butanoate). In a 250 mL
round bottom flask charged with a large stirbar, iatume of
NiBr, (1.09 g, 5.00 mmol), Nal (3.00 g, 20.0 mmol), aral F
powder (10um particle size, 2.79 g, 50.0 mmol) was stirred
under vacuum for 10 min at room temperature. Taskfwas
then backfilled with CO, fitted with a CO balloon, acdldarged
with acetone (25 mL). The resulting suspension viaed for
30 min, during which the color changed from dark tedpale
green. A portion of water (1.00 mL, 55.5 mmol) wasled at
the end of this period. Next, a solution of alkyi®g8.41 g, 50.0
mmol), allyl bromide (5.19 mL, 60.0 mmol), anér,NEt (0.218
mL, 1.25 mmol) in acetone (10 mL) was added vianggipump
at a rate of 8.0 mL/h. The stirring during the i#idd was
extremely vigorous to keep the solution saturatetth \@O. At
the end of the addition, the reaction mixture wasest for an
additional 1 h at room temperature. The solvent wan
removed in vacuo. The resulting residue was digsblin
CH.CI, (50 mL), and filtered through a plug of celitensing
with CH,Cl,. The filtrate was washed sequentially with 10% ag.
HCI (3 x 50 mL), HO (50 mL), and brine (50 mL), dried with
MgSG0,, and concentrated in vacuo. The resulting crudeyzt
was used in the next step without further purifigatio

The crude product was dissolved in DMF (50 mL) at’@3
and treated sequentially with dry LL; (9.77 g, 30.0 mmol)
and Mel (6.24 mL, 100 mmol). The resulting solatiwvas
stirred 14 h at ambient temperature then pourea O (100
mL) and extracted with pentane (3 x 50 mL). The tpea

ester21 (methyl hex-5-ynoate, 15.5 g, 123 mmol) in MeOH (1608Xtracts were washed with 10% aq. LiCl (S0 mL), folldwey
mL) and HO (40 mL) at ambient temperature was added koHPrine (50 mL), dried with NS0O,, and concentrated in vacuo.

pellets (85%, 15.5 g, 184 mmol). The solution wasesl for 30
min, at which point TLC indicated consumption of tstarting
material. The solution was quenched with sat. ag,Q\Hand
the MeOH was removed by rotary evaporation. The tiagul
biphasic mixture was diluted with 10% aq. HCI (100 nand

The resulting residue was purified by flash column
chromatography (9:1 hexanes/EtOAc eluent) to giveteiel7
(3.79 g, 26% yield) as a colorless liquid.

Data for diested7. '"H NMR (400 MHz, CDCJ): = 7.28 (br.
s, 1H), 3.66 (s, 3H), 2.86 (ddd,= 18.8, 6.7, 3.1 Hz, 1H), 2.82

extracted with EtOAc (3 x 100 mL). The combined ofgan (dd,J = 16.5, 4.1 Hz, 1H), 2.68 (dddd= 9.3, 6.7, 4.1, 2.7 Hz,

extracts were washed with brine (100 mL), dried withS@g

1H), 2.40 (ddJ = 16.5, 9.3 Hz, 1H), 2.29 (app. dt= 18.8, 2.3
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Hz, 1H), 2.21 (tJ = 7.4 Hz, 2H), 2.22-2.16 (comp. m, 2H), 1.76 1H), 3.67 (s, 3H), 3.34-3.24 (m, 1H), 2.64 (d&; 15.7, 3.9 Hz,

(app. quintet) = 7.4 Hz, 2H), 1.42 (s, 9HY’C NMR (101 MHz,
CDCly): 8 = 209.2, 172.6, 172.4, 156.2, 144.7, 80.2, 51176,4
35.0, 34.9, 33.6, 28.1, 24.3, 23.0.

Alkenyl nonaflate 22 (tert-butyl 4-(3-(2-methoxy-2-
oxoethyl)-2-(((per fluor obutyl)sulfonyl)oxy)cyclopent-1-en-1-
yl)butanoate). To a solution of cyclopentenoié (3.79 g, 12.8
mmol) in THF (20 mL) at -78 °C was added £§u),BH (13.4
mL, 1.0 M in THF, 13.4 mmol) over 5 min. The rasu
solution was stirred 10 min then treated with NfR&mL, 16.6
mmol). The resulting biphasic mixture was stirredl § then
removed from the dry ice/acetone bath and allowedidom 5
min before placing in a -20 °C bath. The reactiixture
became homogeneous in 5 min, and an additionabpoof NfF
was added (0.460 mL, 2.56 mmol). The reaction méixtwas
stirred an additional 30 min, and then quenched Wi® (1.0
mL). The resulting solution was cooled to -78 °Q dreated
slowly (caution: exothermic!) with 4, (30% in HO, 5.50 mL,
51.2 mmol). The dry ice bath was removed, and tietien
heated under its own exotherm to ~40 °C. The quethobaction
mixture was poured into 4@ (150 mL) and 1 M ag. NaOH (50
mL), and the resulting mixture was extracted withtpea (3 x
50 mL).
sequentially with HO (100 mL), 1 M aq. NaOH (50 mL), and

brine (50 mL), dried with MgS§) and concentrated in vacuo.
columnconcentrated, and the crude product was furthefigdifby flash

The resulting residue was purified by flash
chromatography (9:1 hexanes/EtOAc eluent) to giveeralk
nonaflate22 (6.19 g, 83% yield) as a colorless liquid.

Data for alkenyl nonaflate22. TLC: R = 0.09 (9:1
hexanes/EtOAc, KMngQ stain solution).lH NMR (400 MHz,
CDCly): 8 = 3.68 (s, 3H), 3.31 (br. s, 1H), 2.65 (dds 15.7, 3.9
Hz, 1H), 2.44-2.09 (comp. m, 8 H), 1.80-1.57 (comp.3H),
1.44 (s, 9H).®*C NMR (101 MHz, CDGJ)): § = 172.3, 171.9,
143.6, 134.0, 80.4, 51.7, 40.0, 37.1, 34.9, 2889),226.4, 26.1,
22.2. F NMR (376 MHz, CDG)): § = -80.7 (tJ = 9.5 Hz, 3F),

1H), 2.39-2.14 (comp. m, 8H), 1.83-1.63 (comp. m, 3¥.
NMR (101 MHz, CDC)): 6 = 178.8, 171.9, 143.8, 133.5, 51.7,
40.0, 36.9, 33.2, 28.9, 26.4, 26.0, 21.7F NMR (376 MHz,
CDCL): § = -80.7 (tJ = 9.5 Hz, 3F), -110.2 (tg), = 15.0, 2.7 Hz,
2F), -120.9 (m, 2F), -125.9 (m, 2F). IR (film): = 3000 (br),
2957, 1739, 1711, 1419, 1235, 1197, 1141, 1033. diRMS
(ESI): m/z calc’d for (M + Naj [CygH17F0;S + NaJ: 547.0443,
found 547.0446.

Ester 14 ((2-methylcyclohex-1-en-1-yl)methyl
methoxy-2-oxoethyl)-2-
(((per fluor obutyl)sulfonyl)oxy)cyclopent-1-en-1-
yl)butanoate). To a solution of (2-methylcyclohex-1-en-
lyl)methandl* (15, 1.21 g, 9.55 mmol), acid6 (5.15 g, 9.09
mmol), and DMAP (56.0 mg, 0.455 mmol) in g8, (9.1 mL) at
0 °C was added DCC (2.06 g, 10.0 mmol) in one portién
precipitate began to form almost immediately. Téaction was
stired at 0 °C for 30 min and then warmed to antbien
temperature, stirring for an additional 12 h. Aistpoint, TLC
indicated that acid6 remained, so additional charges of alcohol
15 (126 mg, 0.909 mmol) and DCC (206 mg, 1.00 mmol)ewer
added. The reaction mixture was stirred an additid2 h, until

4-(3-(2-

The combined organic extracts were washedLC showed consumption of acid. The reaction mixture was

then diluted with hexanes (20 mL) and filtered (tlgb plug?
frit?), rinsing with hexanes (20 mL). The filtratevas

column chromatography (9:1 hexanes/EtOAc eluent) itee g
esterl4 (6.02 g, 98% vyield) as a pale yellow liquid.

Data for esterl4. TLC: R = 0.27 (9:1 hexanes/EtOAc,
KMnOj, stain solution)'H NMR (400 MHz, CDC)): & = 4.56 (s,
2H), 3.66 (s, 3H), 3.34-3.22 (m, 1H), 2.63 (dds 15.7, 3.9 Hz,
1H), 2.38-2.11 (comp. m, 8H), 2.02-1.92 (comp. m, 4Hy2-
1.63 (comp. m, 3H), 1.67 (s, 3H), 1.66-1.50 (comp4ht). °C
NMR (101 MHz, CDCJ): § = 173.2, 171.9, 143.7, 133.8, 133.6,
125.0, 64.9, 51.7, 40.0, 37.0, 33.7, 31.9, 28.97,276.4, 26.1,

-110.3 (tg,J = 15.0, 2.7 Hz, 2F), -120.9 (m, 2F), -125.9 (m,.2F) 22.78, 22.75, 22.1, 19.6°F NMR (376 MHz, CDC)): § = -80.7
IR (film): v = 2978, 2955, 2855, 1729, 1238, 1199, 1143, 904t, J = 10.2 Hz, 3F), -110.3 (8 = 15.0 Hz, 2F), -120.9 (m, 2F), -

cm’. HRMS (DART):m/z calc’d for (M + NHy)* [CogHosFs0;S +
NH,]": 598.1516, found 598.1540.

Carboxylic acid 16  (4-(3-(2-methoxy-2-oxoethyl)-2-
(((perfluor obutyl)sulfonyl)oxy)cyclopent-1-en-1-yl)butanoic
acid).
charging a 50 mL Schlenk flask with ~50 g NaCl. Tlask was
capped with a rubber septum and the side arm fiti¢td PVC
tubing connected to a long 18 gauge needle. Tleeleevas
immersed in a solution of est2? (5.00 g, 9.11 mmol) in C}I,
(91 mL) at ambient temperature in a 250 mL rountddoo flask
fitted with a rubber septum and an outlet needlée Folution
was sparged with HCI gas by slowly addingSB), (98%, 6.0
mL) to the Schlenk flask containing NaCl at a rateas to
control the evolution of gas. Near the end of tdditéion, the
HCI gas needle was raised above the level of theisoland the
outlet needle was removed to create a slight pesjiessure of
HCI in the flask. When the addition was completes tieedle
was removed altogether, and the flask was sealed paitifilm
and stirred 16 h at ambient temperature. At theddritis time,
TLC indicated consumption of the starting materighe reaction
mixture was then poured into,@&8 (50 mL), the organic phase
separated, and the aqueous phase extracted witGI1C2 x 20
mL). The combined organic extracts were dried withS@
and concentrated in vacuo to afford at&l(4.45 g, 99% yield)
as a pale brown liquid.

Data for acidl6. TLC: R = 0.01 (9:1 hexanes/EtOAc, KMRO
stain solution)."H NMR (400 MHz, CDCJ): = 11.25 (br. s,

125.9 (m, 2F). IR (film):v = 2933, 2859, 1737, 1419, 1235,
1198, 1142, 1033, 852 émHRMS (DART):mvz calc'd for (M +
NH,)" [CadHaoFs0;S + NH,]*: 650.1829, found 650.1823.

Acid 23 (4-(3-(2-methoxy-2-oxoethyl)-2-

An apparatus to generate HCI gas was assembled Hy(perfluorobutyl)sulfonyl)oxy)cyclopent-1-en-1-yl)-2-(1-

methyl-2-methylenecyclohexyl)butanoic acid). A stirred
solution of esterl4 (876 mg, 1.39 mmol) and & (1.94 mL,
13.9 mmol) in CHCI, (14 mL) was cooled to -78 °C. Neat
Hx,Bl (0.698 mL, 3.04 mmol) was added dropwise to the
reaction mixture at -78 °C, and the resulting miguvas stirred
at this temperature for 60 min. At this time, teaation mixture
was allowed to warm to ambient temperature over apptbx
min. The solution was stirred at this temperatueh2 At this
time, TLC indicated consumption of starting materand the
reaction mixture was quenched by pouring into 4at sq.
NH,CI/1.0 M aq. NaSO; (25 mL), rinsing the flask with ED
(10 mL), and the mixture was acidified (pH 1) with 2ad. HCI.
The biphasic mixture was then extracted withCE(3 x 10 mL).
The combined organic extracts were then washed witie i§10
mL), dried with NaSQO, and concentrated in vacuo. The
resulting residue was dissolved in MeOH (14 mL) armhted
with H,0, (1.39 mL, 30% in KO, 13.9 mmol). This mixture was
allowed to stand 1 h at ambient temperature, thrtedi with
EtOH (25 mL) and concentrated to azeotropically reenbhO.
The residue was then gently heated with a heat gderumigh
vacuum (<0.1 torr) for 1-2 min to remove most ofe th
cyclohexanol. The crude product was analyzedrbNMR (d1
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= 10 s) to obtain a dr of the reaction and therifipdrby flash
column chromatography (19:1 hexanes/EtOAe 89:10:1
hexanes/EtOAc/AcOH eluent) to give acd® (581 mg, 66%
yield) as a clear, colorless liquid. (For thé NMR spectrum,
excepting the signals at 1.08 and 1.10 ppm, theirényg signals
of the two diastereomers either appeared as cealesignals or
complex multiplets.)

Data for acid 23. TLC: R 0.24 (89:10:1
hexanes/EtOAC/AcOH, KMng. 'H NMR (400 MHz, CDCJ): &
= 4.72 (s, 1H), 4.62 (s, 1H), 3.68 (s, 3H), 3.40-3(@22 1H),
2.92-2.81 (m, 1H), 2.75-2.61 (comp. m, 2H), 2.50-2(€dmp.
m, 7H), 1.89-1.63 (comp. m, 4H), 1.62-1.42 (comp. 3Hl),
1.34-1.13 (comp. m, 3H), 1.10 (s, 1.5H), 1.08 (sHL5°C
NMR (101 MHz, CDC)): 6 = 178.9, 178.8, 172.1, 171.9, 153.6,
153.5, 143.9, 143.4, 134.1, 133.6, 108.4, 108.38,51.7, 49.0,
48.6, 44.6, 41.7, 41.6, 40.1, 40.0, 37.12, 37.09),332.8, 29.24,
29.18, 28.0, 27.9, 26.6, 26.5, 26.2, 25.7, 24.19,2&1.73, 21.70,
21.6, 21.5, 20.2°F NMR (376 MHz, CDCJ): 3 = -80.7 (m, 3F),
-110.2 (m, 2F), -120.9 (m, 2F), -125.9 (m, 2F). (fkm): v =
3000 br, 2937, 2859, 1736, 1704, 1421, 1238, 12084, 907
cm'. MS (ESI):m/z calc'd for (M + HY [CoHoFsO;S + HJ:
633.2, found 633.2.

Amides 35a/35b (methyl 2-(3-(4-(dimethylamino)-3-(1-
methyl-2-methylenecylcohexyl)-4-oxobutyl)-2-
(((per fluor obutyl)sulfonyl)oxy)cyclopent-2-en-1-yl)acetate.
To a solution of acid®3 (2.20 mg, 3.26 mmol) in Ci&l, (13

Tetrahedron

HRMS (DART): m/z calc’d for (M + HY [CoeH3NOsFeS + HJ':
660.2036, found 660.2040.

Alkene 37 (methyl 2-(3-(4-(dimethylamino)-3-(1-methyl-2-
methylenecyclohexyl)-4-oxobutyl)cyclopent-2-en-1-yl)acetate.
A solution of alkenyl nonaflat85b (33.6 mg, 0.0509 mmol) in
toluene (5.1 mL) was sparged with Ar for 15 min. sTholution
was transferred to an Ar flushed vial charged withidva and
Pd(PPh), (5.9 mg, 0.00509 mmol). To this solution was added
HCO,Et;NH" (7.6 mg, 0.0509 mmol), and the solution was
immediately heated to 120 °C in a preheated oih.bafThe
reaction mixture was stirred for 15 min at this pemature and
then allowed to cool to ambient temperature. THatiem was
then passed through a short pad of ,Sising with EfO (10
mL). The filtrate was concentrated in vacuo andfigar by flash
column chromatography (9:1 hexanes/EtOAe»> 2:1
hexanes/EtOAc) to give pure alkeBe (8.5 mg, 45% vyield) as a
pale yellow liquid.

Data for alkene37. TLC: R = 0.33 (2:1 hexanes/EtOAc,
KMnO,). *H NMR (400 MHz, CDCJ): § = 5.29 (br. s, 1H), 4.71
(s, 1H), 4.63 (s, 1H), 3.67 (s, 3H), 3.17-2.98 (m, 131).3 (app.

d, J = 8.6 Hz, 1H), 3.04 (s, 3H), 2.90 (s, 3H), 2.39-2.68{p.
m, 7H), 2.04-1.85 (comp. m, 3H), 1.80-1.71 (m, 1HY,011.33
(comp. m, 7H), 1.15 (s, 3H}°C NMR (101 MHz, CDCJ): § =
174.7, 173.4, 153.5, 145.4, 127.0, 108.2, 51.4,4%.2, 42.0,
40.4, 38.3, 36.1, 35.6, 34.3, 33.7, 30.3, 29.78,276.3, 23.2,
21.9. IR (film):v = 2929, 1736, 1634, 1438, 1394, 1254, 1165,

mL) was added DMF (1.26 mL, 16.3 mmol), followed by 1132 cni. MS (ESI):mVz calc’d for (M + H) [CpH3sNO; + H]':

(COCl), (0.651 mL, 7.69 mmol).
addition, a colorless crystalline precipitate fodneThe reaction
mixture was stirred 5 min at -10 °C, then JMel*HCI (1.33 g,
16.3 mmol) was added in one portion, followed{BrLNEt (3.41
mL, 19.6 mmol) over 30 s. The solution becamerciediow,
and it was stirred 30 min at -10 °C before beingvedld to warm
to ambient temperature. The reaction mixture was thiluted
with hexanes (50 mL) and & (50 mL). The resulting solution
was washed sequentially with 1 M aq. HCI (50 mLYOH50
mL) and brine (50 mL), dried with N80O,, and concentrated in
vacuo. The resulting residue was purified by flagiiumn
chromatography (4:1 hexanes/EtOAe 2:1 hexanes/EtOAc
eluent) to give amide85a (739 mg, <32% yield) and@5b (1.00
0, 44% vyield), both as pale yellow liquids. Ami@&a was
contaminated with an unidentified impurity that abuiot be
removed.

Data for amide35a. TLC: R = 0.14 (4:1 hexanes/EtOAc,
KMnO,). '"H NMR (400 MHz, CDCJ): & = 4.73 (s, 1H), 4.62 (d,
J = 1.2 Hz, 1H), 3.68 (s, 3H), 3.36-3.24 (m, 1H), 3.dd,J =
11.0, 2.4 Hz, 1H), 3.03 (s, 3H), 2.90 (s, 3H), 2.65 (@d 15.7,
3.9 Hz, 1H), 2.50-1.22 (comp. m, 17H), 1.14 (s, 3. NMR
(376 MHz, CDC}): 6 = -80.6 (m, 3F), -110.3 (m, 2F), -120.9 (m,
2F), -125.9 (m, 2F). IR (film)v = 2938, 2861, 1737, 1666, 1635,
1418, 1236, 1199, 1143, 1121, 1009 'criRMS (DART): m/z
calcd for (M + H)Y [CyHzNOGFS + HJ: 660.2036, found
660.2039.

Data for amide35b. TLC: R = 0.07 (4:1 hexanes/EtOAc,
KMnO,). '"H NMR (400 MHz, CDCJ): 8 = 4.73 (s, 1H), 4.64 (s,
1H), 3.68 (s, 3H), 3.36-3.18 (m, 1H), 3.17 (dd; 11.2, 2.5 Hz,
1H), 3.07 (s, 3H), 2.90 (s, 3H), 2.63 (dds 15.7, 3.9 Hz, 1H),
2.46-2.17 (comp. m, 6H), 2.16-2.05 (m, 1H), 2.03-1(&838mp.
m, 2H), 1.78-1.36 (comp. m, 8H), 1.14 (s, 3I1-?§3 NMR (101

Toward the end of this 362.2690, found 362.2682.

Acid 32 (2-(1-methyl-2-methylenecyclohexyl)propanoic
acid). A stirred solution of (2-methylcyclohex-1-en-L1yigthyl
propionaté (31, 187 mg, 1.03 mmol) and 4&t (0.710 mL, 5.13
mmol) in CHCI, (10.3 mL) was cooled to -78 °C. Neatx,Bl
(0.260 mL, 1.13 mmol) was added dropwise to the m@act
mixture at -78 °C, and the latter was stirred a$ teimperature
for 60 min. At this time, the reaction mixture wdbwaed to
warm to ambient temperature over approx. 15 mine ddiution
was stirred at this temperature 20 h. At this tifileC indicated
consumption of starting material, and the reactiurture was
guenched by pouring into 4:1 sat. aq. /8H1.0 M aq. NaSG;
(25 mL), rinsing the flask with ED (10 mL), and the mixture
was acidified (pH 1) with 2 M ag. HCI. The biphasicxtare
was then extracted with B (3 x 10 mL). The combined
organic extracts were then washed with brine (10 mhli¢d with
NaSQ, and concentrated. The resulting residue was disdoh
MeOH (10 mL) and treated with,B, (1.03 mL, 30% in KO, 10
mmol). This mixture was allowed to stand 1 h at a@mbi
temperature, then diluted with EtOH (25 mL) and cotreged to
azeotropically remove . The residue was then gently heated
with a heat gun under high vacuum (<0.1 torr) fo2 tin to
remove most of the cyclohexanol. The crude produat
dissolved in CDGl (4.0 mL), an internal standard of 1,2-
dichloroethane was added (20.2, 0.256 mmol) and analyzed
by '"H NMR (d1 = 10 s) to obtain a crude yield and drthod
reaction. The chloroform solution was concentrataad the
residue was purified by flash column chromatogragh9:1
hexanes/EtOAe~ 89:10:1 hexanes/EtOAc/AcOH eluent) to give
acid32 (127 mg, 68% yield) as a waxy, colorless solid.

Data for acid 32 TLC: R 0.32 (89:10:1
hexanes/EtOAC/AcOH, KMnQstain solution)."H NMR (400

MHz, CDCL): § = 174.2, 153.1, 142.8, 134.8, 108.3, 51.7, 44.4MHz, CDCL): 5 4.72 (s, 1H), 4.63 (s, 1H), 3.02 @= 7.0 Hz,

42.2, 39.9, 38.2, 37.1, 36.0, 35.6, 33.6, 28.88,226.6, 25.9,
25.8, 23.1, 21.6°F NMR (376 MHz, CDCJ): 8 = -80.6 (m, 3F),
-110.3 (m, 2F), -120.9 (m, 2F), -125.8 (m, 2F). (fm): v =
2933, 2859, 1739, 1418, 1236, 1198, 1142, 10320 ld".

1H), 2.39 (td,J = 14.1, 3.9 Hz, 1H), 2.17 (di,= 14.1, 2.4 Hz,
1H), 1.77 (app. dJ = 13.7 Hz, 2H), 1.55-1.40 (comp. m, 2H),
1.37-1.22 (m, 1H), 1.20-1.11 (m, 1H), 1.09 Jds 7.0 Hz, 3H),
1.08 (s, 3H)°C NMR (101 MHz, CDGC)): 5 181.5, 153.8, 108.2,



42.3, 41.3, 37.0, 32.8, 28.1, 21.6, 21.1, 11.2{film): v = 2967,
2943, 2916, 1733, 1213, 1155, 1027, 963'ciHRMS (ESI+)
m/z calc’d for (M + H) [CyH40, + H]": 183.1380, found
183.1385.

Lactone 33 (7a-(iodomethyl)-3,3a-
dimethylhexahydrobenzofuran-2(3H)-one). To a solution of
acid 32 (57.9 mg, 0.318 mmol) and KI (106 mg, 0.636 mniol)
a biphasic mixture of 5% aq. NaHG@L.00 mL) and CkCl,
(1.00 mL) at ambient temperature under air was addgo,
(63.6 [IL, 30 % in HO, 0.636 mmol) dropwise. The solution
was stirred for 5 min at ambient temperature, at vkiilme TLC
indicated consumption of the acid starting materibhe reaction
was then partitioned between &, (20 mL) and HO (20 mL). 7.
The organic layer was separated and washed with ¢irthenl), 8.
dried with NaSO, and concentrated to afford lacto82 (88.4
mg, 90% vyield) as a colorless, crystalline solid,ichhdid not
require further purification. The stereochemistfylactone33 9.
was assigned on the basis of NOE data.

Data for lactoné&3. '"H NMR (400 MHz, CDCJ): & 3.60 (d,J

= 11.2 Hz, 1H), 3.44 (dJ = 11.2 Hz, 1H), 3.01 (q] = 7.2 Hz, 10.

1H), 2.52 (br. dJ = 14.1 Hz, 1H), 1.76-1.08 (comp. m, 7H), 1.05

(d,J=7.2 Hz, 3H), 0.91 (s, 3H}*C NMR (101 MHz, CDGJ): & 1

177.0, 83.5, 44.3, 42.0, 34.6, 32.2, 22.4, 21.04,19.2, 8.7. IR
(film): v = 3357 (br), 2952, 2923, 2854, 1760, 1175, 110891
1023, 974, 931 cth
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